 YM42: 5'-AGG CTG TGT TAA GTA TCT GCA TTT TTT CGG ATC GGG CTC   GCC CTC AGA GG-3'   JG171: 5'-GTT AAG TAT GCA TCT CTG CGA TGC ATG TCA CTC AGA CTA   TGG TCA GCG ATC GGC TCG 
Protein purification
The purification of Ku and DNA-PKcs have been described (Ma et al., 2002) . XRCC4:DNA ligase IV complex was purified from baculovirus-insect cell system as described (NickMcElhinny et al., 2000) . Native DNA polymerase mu was expressed and purified from E. coli, as described previously and in more details below (Tippin et al., 2004) . We made some modifications to eliminate potential exonuclease contamination as described in detail below. Polymerase lambda was purified as a recombinant protein from E. coli as described (Shimazaki et al., 2002) . DNA ligase I was a gift of Dr. A. Tomkinson (U.
Maryland, Baltimore, MD). DNA ligase III was a gift of Dr. Ulf Grawunder (U.
Basel, Switzerland).
Expression and purification of native DNA polymerase Native DNA polymerase mu expression and purification were described previously (Tippin et al., 2004) . We added some modifications to eliminate potential exonuclease contamination. Briefly, pol mu cDNA was subcloned into vector pET41b (Novagen) and the recombinant plasmid was used to express pol mu in strain BL21(DE3)R1L Codon Plus (Stratagene). Cells were grown at 30°C in LB medium supplemented with kanamycin (5 ug/mL) and chloramphenicol (30 ug/mL) to OD600 of 0.6. Protein expression was induced with isopropyl-1-thio-β-D-galactopyranoside (1 mM) for 3 additional hours. Harvested cells were resuspended in lysis buffer (50 mM Tris-Cl (pH 7.5), 1 M NaCl, 2 mM DTT, and 10% sucrose) and lysed with lysozyme (2 mg/mL) with stirring for 1h at 4°C. Soluble protein was recovered by centrifugation (12,000 rpm 30 min in a SS-34 rotor at 4°C). The remaining steps were all carried out at 4°C. Ammonium sulfate was added to 40% saturation, and the protein was recovered by centrifugation (12,000 rpm 30 min in a SS-34 rotor at 4°C). We then resuspended the pellet in PC buffer (50 mM Tris-Cl (pH 7.5), 10% glycerol, 1 mM EDTA, 2 mM DTT) supplemented with 500 mM NaCl and dialyzed against the same buffer overnight. The dialyzed sample was diluted in PC buffer to 125 mM NaCl, and immediately loaded onto a Whatman P11 phosphocellulose column.
The column was washed for 20 column volumes with PC buffer supplemented with 125 mM NaCl, and the protein was eluted with a 125 mM to 500 mM NaCl gradient over 10 column volumes. Pol mu containing fractions were pooled and concentrated using a 60% ammonium sulfate cut, and then resuspended and dialyzed in PC buffer supplemented with 250 mM NaCl, and loaded onto a Sephacryl 200 column (Amersham Biosciences) equilibrated with the same buffer. The purest peak fractions were then loaded onto a Mono S column (Amersham Biosciences). The column was washed for 15 column volumes with PC buffer supplemented with 100 mM NaCl, and the protein was eluted with a 100 mM to 1 M NaCl gradient over 20 column volumes. The eluted fractions were aliquoted and stored at -80°C.
Template-independent polymerization on substrates in free solution
The test for terminal deoxynucleotidyl transferase activity in free-solution was performed in a 10 uL reaction. 20 nM of the DNA substrates were first incubated with or without protein Ku in 1X ligation reaction buffer (25 mM Trishydrochloride, pH 7.5, 75 mM NaCl, 72.5 mM KCl, 2 mM DTT, 0.025% Triton X-100, and 100 uM EDTA) supplemented with 10% PEG (MW>8,000kD), 50 ug/mL BSA, and 5% glycerol at room temperature for 15 min. Addition was initiated by adding 100 µM of each dNTP, 10 mM MgCl 2 with different combinations of proteins as indicated. Reactions were then incubated at 37°C for 1 hour. After incubation, reactions were stopped, deproteinized by organic extraction, and analyzed on 11% denaturing PAGE gel. Gels were dried, exposed in a PhosphorImager cassette, and the screen was scanned in a Molecular Dynamics PhosphorImager.
Template-independent polymerization on immobilized DNA substrates 10 pmol of biotinylated DNA substrates with an annealing ratio of 1:2 as described above were mixed with 50 ul of streptavidin-agarose suspended in 10 mL of 1X ligation reaction buffer. The mixture was incubated at room temperature on a rotator for 3 hour. After incubation, agarose beads were collected by low-speed centrifugation and washed more than 4 times with 5 mL of 1X ligation reaction buffer until the radiolabel level in the supernatant from the centrifugation was close to the background level. Then 50 uL agarose beads were mixed with 50 uL of 1X ligation reaction buffer. The polymerization test using bead-bound substrate was performed in a 20uL reaction. Biotinylated DNA substrates (20 nM) were first incubated with or without protein Ku in 1X ligation reaction buffer supplemented with 10% PEG (MW>8,000kD), 50 ug/mL BSA, and 5% glycerol at room temperature for 15 min. Addition was initiated by adding dNTP at 500 uM or 5 mM and 10 mM MgCl 2 with different combinations of proteins as indicated. Reactions were then incubated at 37°C for 1 hour. After incubation, reactions were heated to 100°C for 5 min to denature proteins (and specifically to disrupt the biotin-streptavidin association), deproteinized with organic extraction, and analyzed by 11% denaturing PAGE gel. Gels were dried, exposed in a PhosphorImager cassette, and the screen was scanned in a Molecular Dynamics PhosphorImager.
DNA ligation assay
The DNA ligation assay was performed in a 10 uL reaction. DNA substrates (20 nM) were first incubated with or without protein Ku in 1X ligation reaction buffer supplemented with 10% PEG (MW>8,000kD), 50 ug/mL BSA, and 5% glycerol at room temperature for 15 min. Ligation was initiated by adding 100 uM of each dNTP, 10 mM MgCl 2 with different combinations of proteins as indicated. Reactions were then incubated at 37°C for 30 min. After incubation, reactions were stopped, deproteinized with organic extraction, and analyzed by 8% denaturing PAGE gel. Gels were dried, exposed in a PhosphorImager cassette, and the screen was scanned in a Molecular Dynamics PhosphorImager.
Sequencing of junctions of the ligation products
Dried gels were further exposed to Kodak films. After overnight exposure, films were developed and then dimer ligation products (single-stranded because they were being purified from a denaturing gel) were cut out of the gels by aligning the gel with the film. Gel pieces were then soaked in appropriate amount (~30uL) For Supplementary Figure 6C , reactions were re-run on an 8% native PAGE gel, then the dimer ligation products (double-stranded because they were being purified from a native gel) were cut out of the gels using the same method as above. Dimer ligation products extracted from the gel pieces with TE were then directly TA-cloned and sequenced without any PCR step.
Template-dependent primer extension assay
The primer extension assay was performed in a 10 uL reaction.
Radioactively labeled DNA substrate (25 nM) was incubated with the indicated amount of polymerase in 1X primer extension buffer (25 mM Tris-Cl, pH 8.0, 50 mM KCl, 5 mM MgCl2, 1 mM DTT) supplemented with 50 ug/mL of BSA and 50 uM of dNTP mix (50 uM each) at 37°C for 60 min. After incubation, reactions were directly analyzed by 10% denaturing PAGE gel. Gels were dried, exposed in a PhosphorImager cassette, and the screen was scanned in a Molecular Dynamics PhosphorImager.
SUPPLEMENTARY RESULTS
The head to tail orientation of joining of the substrate in Figures 3 and 4 is favored over the head-to-head orientation. This is likely because a 5'P is located at each side in a head-to-head orientation, and we find that this is disfavored (Suppl. Fig. 5 ), perhaps due to charge repulsion between the two 5' phosphorylated ends.
ligation products, which are much higher on the gel. There is a crack on the top of the gel. Suppl. Fig. 1A,B C. Suppl. Fig. 7A,B . 
